Expression of the structural proteins of human T-cell leukemia virus type I is dependent upon the interaction of the viral Rex trans activator with its highly structured cis-acting RNA target sequence, the 254-nucleotide Rex-response element. Nucleotides critical for Rex binding in vitro have been mapped by modification interference analysis to a discrete 12-nucleotide RNA sequence that is predicted to form a stem-bulge-stem structure. This minimal RNA binding site was sufficient to mediate specific Rex binding in vitro when analyzed in the context of a short RNA probe. The critical importance of this short RNA sequence in mediating Rex function in vivo is supported by its complete conservation among all primate T-cell leukemia virus isolates.
.
While these earlier studies demonstrated that sequences located within the RNA stem-loop extending from positions 149 to 226 within the RxRE (Fig. 1) were necessary for Rex binding, it had not been demonstrated that they were also sufficient for binding. To examine this question, we isolated the RxRE segment between positions 149 and 226, using the polymerase chain reaction (17) . The oligonucleotide primers used also introduced flanking unique KIvnI and BamHI sites at the 5' and 3' ends, respectively, of this truncated RxRE sequence. These sites facilitated the cloning of this DNA fragment into the KpnI and BamHI sites present in the polylinker of the in vitro RNA expression vector pGEM-3ZF(+) (Promega). After linearization of the resultant plasmid with BamHI, the RxRE(149-226) RNA probe was transcribed by using T7 RNA polymerase, 3 ' end labelled with [5'-32P]pCp and T4 RNA ligase, and purified by electrophoresis through a denaturing polyacrylamide gel (5, 24) . The ability to bind Rex was assessed as previously described by using a purified recombinant fusion protein consisting of full-length Rex attached to the carboxy terminus of the enzyme glutathione-S-transferase (GST-Rex) (5) . It has been demonstrated that GST-Rex binds the RxRE RNA in vitro with an affinity and a specificity that are indistinguishable from those of the recombinant wild-type Rex protein (5) .
As shown by the RNA gel retardation'analysis presented in Fig. 2 (11, 25) . The RxRE is located within the HTLV-I long terminal repeat and is divided by the site of transcription initiation (cap site) into U3 (5') and R (3') sections. The major splice donor site is indicated. The border of RxRE(149-226) probe is indicated by a dashed line.
contribute to Rex binding in vitro. Modification of RNA with diethyl pyrocarbonate (DEPC) leads to carboxyethylation of the N7 position of the adenosine residue and, to a lesser extent, the N7 position of the guanosine residue (19) . In contrast, treatment of RNA with hydrazine in the presence of 375 mM sodium chloride modifies the N3 position of both cytosine and uridine (19) . These modifications can interfere with protein-RNA interactions that depend upon the specific recognition of particular purine or pyrimidine bases and also render the modified bases sensitive to specific cleavage by aniline (15, 19, 24) .
The purified 3'-end-labelled RxRE(149-226) probe was modified in vitro by using either DEPC or hydrazine-NaCl under conditions that introduced an average of one modification per RNA molecule (19, 24) . After gel purification, the modified probes were incubated with sufficient GST-Rex protein to bind -30% of the input probe. The bound RxRE(149-226) probe was then separated from the free probe by nondenaturing gel electrophoresis (5, 24) . Free and bound probes were recovered from the gel and cleaved by treatment with aniline (19, 24) prior to electrophoresis through a 10% acrylamide-urea sequencing gel. The DEPCtreated (Fig. 3 , lanes 1 and 2) and hydrazine-NaCl-treated (Fig. 3 , lanes 3 and 4) probes were run in parallel, thus generating a chemical RNA sequencing ladder (19) .
If the chemical modification of a particular base alters the affinity of binding of the probe to Rex in vitro, then that base will be identified by a decrease or, less commonly, an increase in the intensity of the appropriate specific band in the bound-probe lanes (Fig. 3, lanes 2 and 4) compared with the free-probe lanes (Fig. 3, lanes 1 and 3) . In between positions 200 and 204 (Fig. 3) . Some interference was also detected at the uridine at position 176. Interestingly, we also consistently observed a significant enhancement in binding due to hydrazine modification of cytosines at positions 172, 177, and 198. Although the two RxRE RNA sequence elements identified by this analysis as important to Rex binding are significantly separated in terms of primary sequence, computer analysis (11) indicates that they are precisely aligned in the RNA secondary structure formed by the RxRE (Fig. 1 and 4A ). In fact, this analysis suggests that the core RxRE binding site forms a 12-nt stem-bulge-stem structure that appears somewhat analogous in terms of structure, but not primary sequence, to the 13-nt stem-bulgestem RNA structure recognized by the HIV-1 Rev protein (3, 12, 15, 24) .
To test whether the Rex RNA core binding site is indeed both necessary and sufficient for Rex binding in vitro, we synthesized a short RNA probe (24) that retains a mere 24 nt of the RxRE sequence flanked by heterologous RNA sequences that were designed to maintain a similar structural context (Fig. 4B ). This predicted minimal Rex binding site probe indeed retained the ability to bind the GST-Rex protein effectively. Binding was specific, as demonstrated by the observation of competition upon challenge with unlabelled RxRE(149-226) RNA but not with equivalent amounts of tRNA (Fig. 2, lanes 6 to 11) .
We have used modification interference analysis (19) 1 and 2) , which affects purine bases, or hydrazineNaCl (lanes 3 and 4), which is specific for pyrimidines. After purification, the modified RNA probes were incubated with sufficient GST-Rex protein to bind -30% of the input probe. The free probe (lanes 1 and 3) and bound probe (lanes 2 and 4) were then isolated by native gel electrophoresis (Fig. 2) and cleaved by treatment with aniline (19, 24) . A total of 4 x 103 cpm derived from each RNA sample was subjected to electrophoresis through a denaturing 10% polyacrylamide sequencing gel, and cleavage products were visualized by autoradiography. DEPC treatment modifies adenine residues significantly more extensively than guanine residues, while hydrazine-NaCl treatment modifies pyrimidine bases equivalently (19) . The pattern of aniline cleavage observed in the free-probe lanes therefore facilitated the unambiguous identification of RxRE nucleotides that displayed chemical interference. These are indicated on both sides of the gel and are compiled in Fig. 4A. define a structured 12-nt RNA sequence located within the HTLV-I RxRE as critical to specific Rex binding in vitro ( Fig. 3 and 4A) . A short RNA probe containing this 12-nt Rex core binding site (Fig. 4B ) was able to bind Rex specifically in vitro (Fig. 2) , thus suggesting that this sequence is not only necessary but also sufficient. In fact, the Rex core binding site overlaps with a 20-nt sequence previously identified by mutational analysis as critical both for in vivo RxRE function and for in vitro Rex binding (1, 5) . This sequence is also fully contained within a 37-nt RxRE segment shown by Toyoshima et al. (25) to be necessary for detectable in vivo RxRE activity. It is therefore likely that
Definition of the core RNA binding site for HTLV-I Rex. (A) Computer-predicted secondary structure of the high-affinity RNA binding site for Rex (11, 25 (3, 12, 15, 24) .
The Rex proteins of HTLV-I (Rex-I) and the related HTLV-II (Rex-II) are able to fully cross-complement in vivo (14) , thus suggesting that these proteins have retained similar or identical RNA sequence specificities. Mutational analysis of the RxRE of HTLV-II has, in fact, suggested that the primary Rex-II RNA binding site is in an equivalent position within this structurally similar RNA sequence element (4, 14) . However, the Rex-I binding site defined in this analysis excludes the conserved splice donor site that has been proposed by others to be critical for Rex-II binding in vitro (4) . We note that this exclusion is consistent with data demonstrating that this splice site is fully dispensable for HTLV-I RxRE function in vivo (25) . As shown in Fig. 5 , alignment of the relevant portions of the HTLV-I and HTLV-II RxRE sequences demonstrates complete conservation of the proposed Rex-I core binding site. In contrast, other parts of the indicated RxRE sequences (excluding the highly conserved major splice donor sequence) display less than 50% sequence identity. The fact that the in vitro defined Rex-I core binding site has been fully conserved during the evolutionary divergence of HTLV-I and HTLV-II is consistent with the hypothesis that this sequence plays a critical is shown aligned to equivalent sequences in the closely related simian T-cell leukemia virus (STLV) (27) and in the more distantly related HTLV-II (22) . Identity in sequence to HTLV-I is indicated by a dash, while a deletion is indicated by a delta. The major splice site and the Rex core binding site (Fig. 4A) are highly conserved among these distinct viruses compared with flanking sequences. Although the in vivo target specificity of the Rex protein of the distantly related bovine leukemia virus is not identical to that of Rex-I (9), the bovine leukemia virus RxRE does contain a structured sequence similar to the Rex-I core recognition element (i.e., 5'-GGctGAG-3' and 5'-CTCtgaCC-3') (25) . The Rex-I protein has also been shown to bind the HIV-1 RRE specifically in vitro, albeit with a significantly lower affinity than to the homologous RxRE RNA (5, 26). However, inspection of the RRE has failed to reveal an RNA sequence element closely similar to the Rex-I core binding site defined here.
role in mediating the interaction of Rex with the RxRE in both the HTLV-I and the HTLV-II systems.
